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A New Microtensile Tester for the Study of MEMS
Materials with the Aid of Atomic Force Microscopy
by Ioannis Chasiotis and Wolfgang G. Knauss
ABSTRACT—An apparatus has been designed and imple-
mented to measure the elastic tensile properties (Young’s
modulus and tensile strength) of surface micromachined
polysilicon specimens. The tensile specimens are “dog-bone”
shaped ending in a large “paddle” for convenient electrostatic
or, in the improved apparatus, ultraviolet (UV) light curable
adhesive gripping deposited with electrostatically controlled
manipulation. The typical test section of the specimens is
400 µm long with 2 µm × 50 µm cross section. The new
device supports a nanomechanics method developed in our
laboratory to acquire surface topologies of deforming spec-
imens by means of Atomic Force Microscopy (AFM) to de-
termine (fields of) strains via Digital Image Correlation (DIC).
With this tool, high strength or non-linearly behaving materi-
als can be tested under different environmental conditions by
measuring the strains directly on the surface of the film with
nanometer resolution.
KEY WORDS—Mechanical properties, microtensile testing,
AFM, digital image correlation, MEMS
Introduction
Reliability of MEMS devices is a major issue and can be
properly addressed only by direct measurements on small
specimens with dimensions on the same order of magnitude
as the fabricated microdevices. Thin film properties depend
on the deposition conditions and the post-processing proce-
dures and they are idiosyncratic for every clean room. There
are several aspects of material properties to be addressed
when developing a mechanical testing method for MEMS.
The method has to be flexible, to provide measurements for
different mechanical properties of interest. It must possess
the capability of testing a variety of structural materials that
are also considerably stronger than polycrystalline silicon,
such as silicon carbide, silicon nitride and amorphous dia-
mond or materials that behave non-linearly, such as Au, Cu or
Al, that are used for interconnects. Of further interest are non-
linear materials that are used as structural layers, such as Ni
in the LIGA process, or even viscoelastic materials, such as
polyimide, that the micromechanics community considers as
candidates for applications in microfluidics. Polycrystalline
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silicon is a superb material for current applications but the
investigation of new microstructures indicates the need for
new application-specific materials. The constitutive law of
these new materials is important to measure without the use
of any assumptions that are often needed for indirect strain
measurements. In addition to the basic constitutive behavior,
other important quantities need to be studied that are either
material properties, such as the critical stress intensity fac-
tor of cracks, or design and geometry related effects, such
as stress concentrations at notches and corners with dimen-
sions comparable to the grain size. The latter are strictly
local in nature and demand the use of direct measurements
on the surface of the film and cannot be addressed by avail-
able strain measurement methods. Moreover, the test method
must be capable of conducting measurements in different en-
vironments such as in vacuum, in air, in the presence of inert
gases, humidity or at different temperatures. It is important
to develop a standard reliable method that addresses all the
above since the use of different approaches for each one of
the aforementioned conditions can result in ambiguous data
as has been indicated by previous round robin studies.1
Various techniques have been developed to address the
determination of the elastic properties and issues of mechan-
ical integrity of polysilicon. Load-deflection of membranes,
beam bending, tensile testing, use of nano-indentation and
resonant frequency measurements of microcantilever beams
have provided a span of values for the elastic constants. Im-
portant reasons for the variety of reported results are the con-
siderable differences in the test methods, imprecise defini-
tion of specimen geometries, as well as physical differences
in the material tested. Of the aforementioned techniques,
tensile tests1−8 are less vulnerable to geometry-induced er-
rors and the measurements are easier to interpret from an
error analysis point of view. Tensile tests have been per-
formed using electrostatic gripping of specimens,6 adhesive
media,5 or micromanipulators4 with specially designed spec-
imens, either in a scanning electron microscope (SEM),4−6
or interferometrically3 to measure relative displacements.
In the present technique2 direct measurements of the spec-
imen surface can be obtained with nanometer resolution by
an AFM. A new and improved tensile tester to facilitate dis-
placement measurements locally on the surface of the spec-
imen is detailed. An additional measurement is obtained by
employing the displacement indications of the inchworm ac-
tuator as a measure for the total induced displacement to the
specimen and the test apparatus. Results of tensile strength
and modulus of polysilicon films obtained in both ways are
presented.
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Instrumentation for Microtensile Testing
The experimental arrangement for subjecting small “dog-
bone” shaped specimens to tension is shown in Fig. 1. The
displacements are imposed on the specimen via an inchworm
actuator that is powered by a system of a personal computer
and a dedicated controller. This set-up controls the overall
deformation of the specimen and the loading device with
an accuracy of 10 nm for every single step of the actuator,
which by itself possesses a resolution of 4 nm. The induced
load is measured with an accuracy of 10−4 N by a miniature
tension/compression load cell of 0.5 N capacity. A miniature
y − z translation stage is employed for sample positioning.
The test system allows for rotational adjustments about the
x-axis (along the load cell–specimen–inchworm axis) and y-
axis (on the plane of the specimen). The local deformation
is monitored directly on the specimen surface by means of
an AFM.
The hysteresis and linearity of the load cell have been eval-
uated to identify possible sources of error. The linearity of
the load–extension curve is very good for the present purpose
(error < 0.10%). The effective value of hysteresis is on the
order of 1.8% of the maximum load, restricted only to low
loads, and it is constant and consistent over a series of mea-
surements. The resolution of the y− z translation stage is on
the order of 1 micron; this is sufficient for proper positioning
of the grip to the close proximity of the specimen surface be-
fore starting the gripping process (see below). A horizontally
positioned 300× optical microscope provides a side view of
the specimen and the grip during positioning. This helps to
prevent undesirable specimen bending and facilitates moni-
toring of the specimen during the test. The AFM is operated
in the Non-Contact Mode (NCM) to minimize the interaction
of surface charges on the specimen with the cantilever tip and
the induced vibrations of the latter on the unsupported film
during measurements.
The tensile tester was originally designed1,2 to take advan-
tage of the electrostatic forces6 that are exerted between two
conductive surfaces separated by a non-conductive medium.
The grip was comprised of a narrow silicon beam coated
with a 200 nm Si3N4 insulating layer. The very thin elec-
trical insulation layer made the operating voltage relatively
low (on the order of 80 V but still close enough to its break-
down limit) to induce sufficient loading to the specimens.
Fig. 1—Layout of the major components of the experimental
set-up. The displacements are measured by using the indi-
cations of the inchworm motion system and directly on the
surface of the specimen using the AFM
The reason is that an electrostatic grip offers a maximum
load capability for a certain combination of paddle size and
insulator thickness, which is limited by the coefficient of fric-
tion between the paddle and the electrostatic grip (typically
about 0.1). The necessary high operating voltage, however,
can induce electric charges on the surface of the specimen
that substantially interfere with the functioning of a probe
microscope, making the imaging of the actual specimen to-
pography impossible. Moreover, when local breakdown of
the high voltage occurs, it causes severe damage to the gage
section of the test samples resulting in significant changes
of the material properties. Finally, the recent trends towards
high strength materials (SiC, Si3N4, amorphous diamond,
etc.) other than polysilicon, possessing better functionality
in harsh environments, urged the redesign of the tensile tester.
Thus a new, more efficient gripping method has been devel-
oped that makes use of a high viscosity ultraviolet (UV) light
curable adhesive, and employs electrostatic manipulation for
its application without bonding the specimen to the substrate.
This tensile tester is free of any side effects due to accumu-
lated charges and facilitates testing of solids with strength
higher than that of polysilicon, including non-linearly be-
having materials, making the proposed approach a universal
test method for different thin films that do not even need to
be conductive.
An important and essential component of the device is
the use of electrostatic control in the bonding process. Ac-
curate deposition of an adhesive on specimens at the small
size scales of interest is extremely difficult if attempted by the
“toothpick practice”. Almost invariably a substantial amount
of adhesive flows through the etch-holes of the paddle bond-
ing it on the substrate. When the paddle rests on the substrate
this practice results in lower than 20% success rate. However,
controlling the motion of the paddle electrostatically allows
for precise application of the adhesive, and a very high suc-
cessful bonding rate of about 95%.
The operation of the newly implemented electro-
static/adhesive grip is illustrated in Fig. 2. First, a voltage
is applied (Fig. 2.I) to force the thin (polysilicon) film to lie
flat on the substrate; due to the effect of the residual stress
gradients the released film may be curved in the out-of-plane
direction, causing buckling if gripped in this state. The glass
grip is then moved towards the flat paddle (Fig. 2.II). This
grip is transparent to allow the transmission of UV light to
cure the underlying UV adhesive layer in short time. Next,
the two surfaces of the substrate and the specimen paddle,
which adhere to each other electrostatically and due to any
stiction forces, are separated by reversing the applied volt-
age so that the film is repelled by the substrate (Fig. 2.III)
and adheres to the grip covered by a thin UV adhesive layer.
Capillary forces keep the paddle in contact with the glass
grip until the glue is cured by a short exposure to 365 nm UV
light. This process eliminates the need to mechanically press
the grip against the paddle and the substrate, and the potential
flow of the adhesive on the substrate with consequent pre-test
specimen damage. It is also important to note that the new
grip provided us with nearly 100% of successful tests, thus
increasing by a factor of two the number of tests performed
previously by the electrostatic grip.
The development of this technique is essential for the per-
formance of micro-tensile testing via AFM. The duration of
every individual image scan by an AFM is about 10 minutes,
which makes the process very time intensive. The relative
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Fig. 2—Successive steps of film gripping: I. The film is forced
electrostatically to lie flat on the substrate when it is bent due
to the residual stress gradient; II. the glass grip with a UV
curable adhesive layer approaches the surface of the film; III.
the same voltage is induced to the substrate and the film to
overcome any stiction forces by repelling the film from the
substrate and forcing it to adhere, due to the exerted capillary
forces, to the UV adhesive under the grip
slip between the grip and the specimen that occurs under high
loads in an electrostatic gripping device makes AFM-based
strain measurements impossible. It is thus important to em-
phasize that measurements on these micron-sized films via an
AFM would not be possible without the use of a technique that
provides reliable specimen clamping. Routine laboratory ex-
perience has shown that the electrostatic technique provides
dependable measurements when the applied forces are small
(on the order of 0.1 N or below). When tests of high strength
polysilicon were performed the electrostatically controlled
UV adhesive technique was the only choice. This technique
also becomes the only choice when tests of thin film materials
of very high strength (e.g., silicon nitride or silicon carbide)
are performed.
The Digital Image Correlation (DIC) method9,10 pro-
cesses the AFM data for determining the strain field. This
method extracts in-plane deformations and resolves shape
changes by comparing (surface) records before and after de-
formation by making use of natural surface roughness fea-
tures as distributed markers. The method is capable of de-
tecting displacements with a resolution of about 18 of a datum
pixel, which implies, at the current state of the art, the poten-
tial of resolving strains on the order 0.04% for a 512 × 512
pixel AFM scan. For a detailed description of the method the
reader is encouraged to refer to the listed references.
Specimen Design and Characterization
Tensile, “bone-shaped” specimens were designed with test
section dimensions of (L × W × D) 400 × 50 × 2 mi-
Fig. 3—Typical tensile specimens. The measured thickness,
via AFM, is 1.9 µm
crons (Fig. 3), attached to the silicon die. Each die holds
several freestanding specimens ending in a large paddle for
gripping. The specimens were designed for the Multi-User
MEMS Processes (MUMPs)21 run at the Microelectronics
Center of North Carolina (MCNC, now Cronos). The pad-
dle is restricted from free movement during wet release and
handling by tethers attached to its sides. It is also observed
that the tethers prevent the paddle from completely adher-
ing to the substrate and facilitate probing and releasing from
stiction forces after storage. The MUMPs21 specimens were
designed so as to take into account the spatially frequent use
of etch-holes that facilitate the post-processing stage of wet
etching. The particular pattern for the paddle etch-holes was
chosen to avoid specimen failure due to stress concentrations
in the transition from the paddle to the test section. The spec-
imen fabrication follows a standard three-polysilicon layer
process and is analytically described elsewhere.2 The spec-
imens were released at MCNC using 49% HF wet etch for
13 minutes with a subsequent 15 minute water rinse and use
of the supercritical CO2 method for drying to minimize the
release stiction.
As reported for previous MUMPS runs2 the fractured
cross section of the specimens displayed a fairly columnar
grain structure as observed on SEM cross-sectional images.
An average grain size of 300 nm with a Gaussian distribution
between 200 nm and 400 nm was measured via AFM. The
polysilicon thickness, as measured by an AFM, was 1915 nm
with a standard deviation of 40 nm, which corresponds to the
average surface roughness. This thickness measurement was
used to obtain more accurate values of the elastic constants
instead of using the nominal value of 2 µm. For example,
the use of the nominal value of the thickness for the case of
tensile test yields a 4% error that would translate into a 12%
error for bending.
Microtensile Tests: Results
Stiction forces were generally strong enough to impede the
action of the elastic restoring forces and thus the specimens
were not free to move relative to the substrate. The structures
were mechanically probed with a fine and compliant tool.†
Stiffness evaluation can be accomplished by (a) determin-
ing the overall specimen compliance, and (b) by making local
strain measurements on the mid-section of the specimen via
AFM-DIC. We discuss first the requisite analysis for the first
of these methods. Although the test system is immensely
†The tool-tip was manufactured using the technique to fabricate sharp
tips for Scanning Tunneling Microscopes (STM) by subjecting a 100 µm
diameter tungsten wire to NaOH solution and shaping it electrochemically.
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larger than the test samples, the contribution of its compli-
ance to the load vs. displacement curve can be very important.
Therefore, the stiffness of the apparatus was measured in the
absence of specimens by connecting the grip to the silicon die
and recording the load vs. displacement curve. This resulted
in a straight line, as shown in Fig. 4, and was used to calculate
the compliance of the test apparatus. The test results were
then evaluated via ABAQUS using a FEM model, which,
due to the small thickness and large lateral dimensions of the
specimens, assumed a state of plane stress. The load was
measured using the load cell indications, while the value of
the total displacement was obtained through the calibrated‡
inchworm. A typical load vs. displacement curve is shown
in Fig. 5. The modulus was then determined by matching
the appropriate value in the ABAQUS results so as to fit the
test data of Fig. 5. Special consideration was given to other
details of the specimen configuration such as undercuts§ and
exact grip location. The experimental data of 20 such tests,
in conjunction with the finite element analysis, provided a
value of the elastic modulus as 165.7±4.7 GPa; the value
for the fracture strength was 1.00±0.1 GPa and the average
maximum tensile strain 0.65%, as calculated from the failure
stress using the modulus value of 165 GPa.
The (purely) electrostatic version of the tensile tester pro-
vides, as an additional measurement, the coefficient of fric-
tion. This value was derived from the measured force values,
at which slip-stick between the grip and the paddle was ob-
served. The friction coefficient ranged between 0.07 and 0.1,
with an average of 0.08. The scatter is attributed to the vari-
ation of the surface roughness as well as to the approximate
character of the measurement. All the aforementioned data
are collectively presented in Table 1.
The fracture was characteristically brittle, as expected, and
in most of the cases occurred at the ends of the gage section
‡Via the AFM.
§Areas under the specimens and near the fixed side of the grip that were
not completely freed from silicon oxide.
Fig. 4—Load vs. displacement curve for the test apparatus
TABLE 1—TENSILE TEST RESULTS
HF release time (minutes) 13
Young’s modulus (GPa) 165.7 ± 4.7
Tensile Strength (GPa) 1.00 ± 0.1
Friction Coefficient 0.07 – 0.1
as indicated by Fig. 6, with the location predicted by the finite
element analysis shown in Fig. 7. The tensile stress assumes
its highest value at the circled points (Fig. 7), being larger
there by 4% than that in the central section.
The specimens were provided in connection with a
“round-robin” experimental determination of physical prop-
erties of polysilicon at the micron scale.1 All specimens were
manufactured during the same run at MCNC (now Cronos).
The tensile properties listed in Table 1 agree well with those
obtained by other participants.1
We turn now to the second avenue of determining the mod-
ulus. The strains of the surface of the specimen were, there-
fore, also measured using AFM records from a smaller cross
section of the specimen. Figure 8 illustrates a typical area
where surface records were obtained with the AFM and Fig. 9
shows the corresponding displacement contours as computed
with the help of DIC. In both figures the load is applied in the
vertical direction. The average value of strain is calculated
from Fig. 9 and, by making use of the nominal stress, an av-
erage value of 160 GPa is calculated for Young’s modulus,
which agrees fairly well with the value in Table 1 obtained by
using the inchworm actuator induced displacements. Impor-
tant considerations regarding the use of AFM are described
in the following section on error analysis.
Fig. 5—Load vs. total elongation of the specimen and the
test apparatus
Fig. 6—Tested specimen indicating the dynamic nature of
the fracture evolution after the onset of failure. The marked
area is modeled
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Fig. 7—FEM model of the marked specimen area in Fig. 6. Note the light stress concentrations with K = 1.04 at the circled
areas
2 µm
Fig. 8—Typical area where surface records were obtained by
the AFM. The load is applied in the vertical direction
Error Analysis for the Experimental Technique
There are several contributing sources of error in the ex-
perimental procedures. The first originates in the measure-
ments by the load cell. The error in the measurement of the
applied load and the calculation of the stress results from the
Fig. 9—Displacement contours as computed via DIC for the
area shown in Fig. 8. The load is applied in the vertical
direction
readings of the voltage recorder. The available instrument
was capable of measuring 1 mV to within two digits. The
uncertainty of the measured voltage was thus 5µV regardless
of voltage amplitude, which translates into 1/8000 N maxi-
mum error. The minimum recorded load at failure was about
0.025 N. Thus, the error in the measurement of load is at most
1/(8000× 0.025)× 100% = 0.5%.
The second source of error stems from the hardware res-
olution of the AFM. The radius of curvature of a newly
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installed AFM tip is of the order of 10–15 nm, which, af-
ter a number of scans, becomes about 20 nm or more due to
wear. Thus, the minimum sampling area of the tip is a disc
of 20 nm radius. In a measurement grid of 512 × 512 data
points, the minimum area that can be imaged without over-
lapping points is (40 × 512) nm × (40 × 512) nm ≈ (20 ×
20 microns. Typical AFM scans in this work varied from 5
× 5 microns to 20 × 20 microns. On the other hand, taking
into account the grain size of our samples (300 nm) one can
see that a 5× 5 micron or larger scan domain contains a suf-
ficiently large number of grains, which serve as markers for
the application of the DIC.
It is noteworthy that images of 1 × 1 micron or smaller
presented difficulties in the correlation. In that case the subset
size is smaller than the typical grain size. This, in conjunction
with the smoothness that characterizes the grain surface (the
“secondary roughness” is on the same order of magnitude as
the AFM noise) did not allow the use of this technique for
such small scan domains.
The accuracy of the AFM to track surface features depends
on the shapes of the AFM tip and the sampled surface. If the
surface roughness of the sample is modeled by a sinusoidal
profile, y = A sin(2(πx/λ), where A is the “bump” height,
λ is the grain size and the AFM probe tip is considered to
have a round shape, then a study of the effects ofA and λ can
be performed.
The tip must be sharp enough to reach any point on the
surface of the film, i.e., the slope of the tip should be smaller
than the maximum slope of the surface. Thus:
dy
dx
= 2πA
λ
cos
(
2πx
λ
)
⇒ dy
dx
∣∣∣∣
max
= 2πA
λ
. (1)
For the specimens tested in this work:
A = 25 nm (half of maximum peak-to-valley height)
λ = 300 nm (average grain size)
Thus, from (1):
dy
dx
∣∣∣∣
max
+ θt ip
2
= π
2
⇒ θt ip < 2
(
π
2
− 2πA
λ
)
⇒ θt ip < 120◦
(θt ip is the angle of the conical tip).
(2)
This is a requirement for appropriate imaging of the surfaces
that must be satisfied by the tips. Figure 10 illustrates an AFM
data sampling along a scan line. The z-axis has been ampli-
fied for viewing purposes. The shallow and long grooves
clearly satisfy criterion (2). Note, however, that the actual
shape of the grooves may limit this simplified analysis, since
they are often cusp-like rather than sinusoidal. This implies
that the grain surface can be reliably sampled but it may be
difficult to obtain measurements at the grain boundaries.
On the other hand, the data obtained via AFM are not
fully repeatable. Noise and other errors stemming from the
hysterisis and non-linearity of the piezoelectric element in
the AFM add to the total error. In this work the noise levels
were of the order of 1–2 nm in the out-of-plane direction,
with a peak-to-valley amplitude roughness of 40 nm. The
further reduction of noise is vital so that correlation errors are
minimized and the efficiency of the method in detecting actual
displacements is improved. In this regard, acoustic isolation
becomes very important in addition to the vibration isolation
achieved typically via an air-suspended, optics-table.
Another source of error arises from the performance of
the inchworm actuator, when the latter is used to estimate the
total displacement. The resolution of the actuator is 4 nm for
every input; in other words, it equals one minimum step of
the actuator. The smallest motion step employed here was
200 nm, which implied an error of 2% in the output from the
actuator.
The aforementioned measurement errors are jointly
smaller than the observed data scatter for the elastic mod-
ulus, which was more than ±5% of the average value. Thus
their contribution is included in the scatter of the data but
does not fully explain it.
Discussion
A comparison of the data using the new tensile test grip
and the electrostatic method shows excellent linearity without
slip. This, in addition to the absence of surface developed
charges, make the use of a probe microscope possible in the
regime of small interaction forces between the film and the
AFM probe.
The elastic modulus of an isotropic polycrystalline solid
may be calculated from the crystal properties11 by averag-
ing its values in all crystallographic directions on a specific
plane. Two models have been proposed: an isostrain, or
Voigt12 model, for the upper bound, and an isostress, or
Reuss13 model, for the lower bound, so that the experimen-
tal value should lie within the Voigt–Reuss bounds. Using
handbook values14 for the stiffness constants for<110> tex-
ture, the modulus bounds are: 160 < E < 166 GPa. Tak-
ing into account the preferred <110> texture for LPCVD
deposited films, our measured values agree well with these
theoretical estimates. The columnar structure of the film,
in conjunction with the direction of the applied force (ac-
tion in series), would tend to yield modulus values close to
the lower bound. However, the existence of small fractions
of other textures, such as <111> that is characterized by a
modulus of 168.9 GPa, invariant with respect to the crystallo-
graphic direction,14 as well as deviations from the columnar
structure, can lead to measurements outside these bounds.
In addition, the films under study were phosphorus-doped.
Doping processes change the interatomic distance and thus
have an effect on the value of Young’s modulus. A meaning-
ful estimate of this latter effect is not possible, however. The
values of modulus measured via the AFM were lower than
the average values obtained from the load vs. displacement
curves but are within the range of the data scatter of the lat-
ter. Moreover, one should note that the AFM measurements
are local in nature and characterize the elastic behavior of a
significantly smaller regime of the specimen surface, which
is highly inhomogeneous.
Accurate thickness measurements are very important for
evaluating mechanical properties. The uncertainty of the
thickness of the film increases because of the roughness due
to the exposed grains. A (two-dimensional) finite element
program (ABAQUS) has been used2 to investigate the influ-
ence of surface roughness (bumps) as observed in the micro-
manufactured specimens. The effect of the surface rough-
ness on data accuracy is more pronounced in the case of
bending, reaching values of almost 10% for small grain di-
ameters and high roughness amplitudes. Taking into account
the spatial roughness frequency, the error of the present ten-
sile tests due to the existing roughness is on the order of
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Fig. 10—AFM data sampling along a scan line on polysilicon surface
1.5%. In all FEM models in this work the only assumed,
rather than measured, property value for the modulus calcu-
lation was Poisson’s ratio, ν, which was chosen to be equal
to the experimentally available value of ν = 0.22 (using
specimens of relatively large dimensions).3 In theory, Pois-
son’s ratio ranges14 between 0.18 < ν < 0.28 for the most
common crystallographic directions of polysilicon. For this
range of Poisson’s ratio, the value of Young’s modulus, as
calculated by the present FEM model, varies over the inter-
val of 165.65 < E < 165.8 GPa. Thus, the influence of this
parameter on the precision of the present measurements is
minimal.
Summary
A new and improved tensile tester has been implemented.
This new device combines the use of a UV light curable ad-
hesive with an electrostatic deposition and control process
derived from the electrostatic gripping method. This method
has been found to be superior to the previously employed
electrostatic grip, especially when an AFM or STM is used
to measure displacement fields. In addition, this improve-
ment of the loading device makes possible the testing of hard,
non-linear, or non-conductive materials with a high rate of
success. By this method, the values of Young’s modulus and
tensile strength via force-displacement response and AFM
surface recordings of small-scale polycrystalline specimens
were recorded. The results from the two techniques agree to
within 3% at the size scale investigated. There is also very
good agreement with values obtained by other researchers
and with the bounds imposed by theory.
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